The present study has demonstrated the presence of circulating reverse tri-iodothyronine (rT 3 ) levels and its main generating pathway in rainbow trout. A specific rT 3 RIA using thyronine-stripped sera in the standard curve was standardised, allowing precise and accurate quantification of radioimmunoassayable rT 3 . We also demonstrated that trout skin is an important source of rT 3 production. T 3 or thyroxine trout skin inner-ring deiodination (IRD) activity was assessed by using rT 3 RIA and/or paper chromatography. The kinetic characterisation of this deiodinative pathway disclosed a typical deiodinase type III (DIII) enzyme, except for its conspicuous thermodependency which attained its maximal catalytic efficiency at 15 C. This finding suggested the expression of enzymatic variants, which is a common functional array in teleosts. Both circulating rT 3 and DIII activity were present in juvenile and adult individuals and were inversely correlated with age, weight and length.
Introduction
Extrathyroidal iodothyronine deiodination can occur in the outer ring (ORD) or in the inner ring (IRD) of the molecule, producing either active or inactive forms of thyroid hormone. Thus, IRD of thyroxine (T 4 ) and tri-iodothyronine (T 3 ) generates the corresponding inactive forms: 3,3 ,5 -T 3 (reverse T 3 , rT 3 ) and 3,3 -di-iodo thyronine (T 2 ) respectively. This inactivating pathway of thyroid hormone metabolism is catalysed by a selenoprotein, the so-called deiodinase type III (DIII), and has been described in multiple tissues in a number of animal species (Köhrle et al. 1992 , St Germain 1994 , St Germain et al. 1994 . Even though it has been suggested that the major role of DIII activity is the regulation of thyroid hormone action during early development, this enzyme is active throughout life (Galton & Hiebert 1987 , Santini et al. 1992a . However, until recently (Frith & Eales 1996) , the presence of circulating rT 3 and the corresponding generative enzymatic pathway in fish has been questioned (Eales et al. 1983) , suggesting that both pathway and product can be assessed only under specific circumstances such as T 3 challenge, or parr-smolt transformation (Sweeting & Eales 1992a ,b, Morin et al. 1993 . This situation led us to design a long-range project aimed at contributing to the understanding of different aspects of fish thyroid physiology, including the systematic study of thyronine deiodinative pathways. Thus the present study reports (1) the standardisation of an homologous and specific RIA to quantitate rT 3 in rainbow trout serum, (2) the circulating values of this inactive thyronine during a 14-month period of development in the rainbow trout, (3) the kinetic characterisation of the IRD pathway in rainbow trout skin and (4) the quantitation of this enzymatic activity in the skin of trout ranging from 14 to 84 weeks of age.
Materials and Methods

Fish
Rainbow trout (Oncorhynchus mykiss) were obtained from the hatchery Centro Acuicola 'El Zarco' located in the State of Mexico (Cb'(w2)(w) i.e. semi-cold climate, 5-12 C) (García 1988) . Animals were maintained under natural photoperiodic conditions at 8-16 C and commercial pellets (Purina) were available ad libitum. The study, approved by the Institutional Animal Care Committee, was conducted from July 1991 to April 1993 and included juvenile and adult animals from 14 to 84 weeks of age; the sampling period was at intervals of 28 4 days (n=6). Body weight and fural length of each individual were registered throughout the study and blood samples (caudal vessels) were obtained from animals of 41 to 84 weeks of age. The serum was separated by centrifugation (3000 r.p.m. 15 min) and stored at 20 C until assayed for rT 3 . Fish were killed by concussion to the head and a skin sample from the region adjacent to the pectoral fin was taken.
Tissue handling
Apart from trout skin, the skin from adult virgin Wistar female rats (250-300 g) was obtained. All tissue samples were homogenised (Politron) in 1:10 (w/v) ice-cold Hepes buffer (Hepes 10 mmol/l, sucrose 0·32 mmol/l, EDTA 1·0 mmol/l) pH 7·0. The homogenates were centrifuged at 3000 r.p.m. 15 min. The supernatant was separated into aliquots and stored at 70 C until assayed.
RIA reagents and procedure
The assay buffer was Tris-HCl (0·05 mmol/l, pH 8·6). Analytical grade rT 3 from Henning (Berlin, Germany) was dissolved in 1 ml NaOH (0·01 mol/l) and diluted with assay buffer to a concentration of 5 µg/10 ml. Serial working standard solutions for a ten-point standard curve contained 1·5-500 ng/dl (0·02-7·7 nmol/l). Radiolabeled 125 I-rT 3 (specific activity (SA) 1200 µCi/µg) was purchased from New England Nuclear (Boston, MA, USA). A working radioactive solution (radioactive cocktail) containing 10 pg/100 µl (0·15 nmol/l) labeled rT 3 and 10 mg/ 10 ml thyroid-binding globulin (TBG)-uncoupling agent, 8-anilino-1-naphthalenesulfonic acid (Sigma, St Louis, MO, USA) was prepared at the time of use. Specific antiserum to rT 3 raised in rabbits with rT 3 -BSA was obtained in our laboratory as reported elsewhere (Ruíz et al. 1984) , and was used at a working dilution of 1:400. Second antibody goat anti-rabbit IgG serum was purchased from Sigma, using a working dilution of 1:20. As described elsewhere (Orozco et al. 1992) , homologous (trout) serum free of thyronines (SFT) was prepared using activated charcoal from Sigma. Polyethylene-glycol (PEG; mol. wt 8000) was obtained from Sigma.
The assay was performed in duplicate in 12 75 mm tubes. Reagents were pipetted as follows: 100 µl diluted antiserum to rT 3 (except in non-specific binding tubes; NSB); 100 µl rT 3 standard solution in the standard curve tubes, except for specific binding tubes (B 0 tubes); 100 µl radioactive cocktail; 50 µl trout SFT in tubes corresponding to the standard curve, or 100 µl of the unknown serum sample and assay buffer to yield a final volume of 500 µl per tube. Each assay included a set of quality control sera of low, medium and high rT 3 concentrations (6·25, 50 and 200 ng/dl respectively (0·09, 0·77 and 3·08 nmol/l)).
Tubes were swirled and incubated for 48 h at 4 C. After the first incubation, 25 µl second antibody plus 10 µl normal rabbit serum were added and the assay was incubated again for another 45 min at room temperature. PEG (20%, 1 ml) was added to each tube and the mixture was centrifuged at 3000 r.p.m. for 30 min. Bound (pellet) and free (supernatant) radioactivity was counted in an automated -spectrometer (Beckman). After correction for NSB, the percentage of B/B 0 values from the standard curve were plotted against their corresponding concentration of rT 3 . Hormone concentration from the unknown samples was determined by interpolation and results are expressed in nmol/l.
Deiodinase reagents and procedure
Non-radioactive iodothyronines were obtained from Henning. Radiolabeled outer-ring 125 I iodothyronines were purchased from New England Nuclear (SA T 4 1400 µCi/µg; T 3 1500 µCi/µg). Dithiothreitol (DTT) was obtained from Calbiochem (La Jolla, CA, USA) and 6-n-propyl-2-thiouracil (PTU) from US Biochemical Co. (Cleveland, OH, USA). Radiolabeled thyronines were purified prior to use by means of a SEP-PACK C18 Cartridge from Millipore (Waters Chromatography, MA, USA). IRD or ORD activities were quantified either by descendent paper chromatography (Bellabarba et al. 1968) or by measuring rT 3 using the specific RIA reported here. Optimal assay conditions as well as the kinetic enzyme characterisation were assessed using, for each assay, a fresh random pool of skin homogenates from ten adult animals ranging from 14 to 84 weeks of age (100-667 g). A similar fresh pool of two animals was used for rat skin. Validation and kinetic characterisation included the following parameters: protein concentration (0·1-1·5 mg/ml), preferential substrate (T 3 ) concentration (0·01-1·2 µmol/l), secondary substrate (T 4 ) concentration (0·1-5·0 µmol/l), pH (5-9 at intervals of 0·5), cofactor (DTT) concentration (25-800 mmol/l), PTU sensitivity (1·0 mmol/l), as well as incubation time (1-4 h) and incubation temperatures (0, 4, 15, 22 and 36 C).
In brief, tissue homogenate supernatants were incubated either with an isotopic solution of 125 I-T 4 or 125 I-T 3 , or with non-labeled T 4 and Hepes buffer containing DTT. Total volume of the incubation mixture was 300 µl. The reaction was stopped using 200 µl ethanol, followed by centrifugation (3000 r.p.m. 15 min). All assays included at least two control tubes (zero incubation tubes) which were handled exactly as described above, except that tissue homogenates were omitted. Protein was measured as in Bradford (1976) . Whenever descendent paper chromatography was used, the generated products: 125 I, T 3 and rT 3 when T 4 was used as substrate, or 125 I and 3,3 -T 2 when T 3 was used, were quantified using a modification of Bellabarba's method reported previously (Bellabarba et al. 1968 . Results are expressed either as percentage of deiodination or as the enzyme specific activity (SA); i.e. the quantity of hormone produced (pmol)/mg protein per h. When using rT 3 RIA, the supernatant was evaporated in a SAVANT (Speed Vac Concentrator) and then resuspended in RIA buffer (TrisHCl). The resulting values of rT 3 were used to obtain the enzyme SA.
Skin IRD activity and circulating rT 3 in developing trout
Working under the optimal assay conditions, T 4 DIII skin activity was analysed in trouts from 14 to 84 weeks of age. For all ages a similar protein concentration (0·3-0·6 mg protein/ml) was used. Serum rT 3 concentrations were quantitated in animals from 41 to 84 weeks of age using the homologous rT 3 RIA which was validated as the serum RIA described here.
Statistical analyses
Results are expressed as the mean ... Simple correlation coefficients between the means of specific activity, and mean of age, weight, length (size), circulating levels of rT 3 , as well as the logarithmic transformation of length (total body area), were computed using the Pearson product SA-fish growth. Statistical analyses were performed using the SPSS (Statistical Package for the Social Sciences) program; P<0·05 was considered significant. In addition, the specific activity variation was evaluated by a multiple regression analysis using the independent variables mentioned above, according to the following model: A= 0 + 1a + 2w + 3l + 4 rT3 +E where A=SA, 0 =constant, 1a =age, 2w =weight, 3l =length, 4 rT3 =rT 3 and E=error.
Results
RIA validation and rT 3 circulating levels
The cross-immunoreactivity for T 3 and T 4 was negligible (Fig. 1) , thus indicating that the procedure was highly specific. As shown in Fig. 2 , under the working conditions described here the procedure had a reliable range from 3 to 200 ng/dl (0·046-3·08 nmol/l). The standard dose for 50% of inhibition was 30 ng/dl. The accuracy of the procedure varied from 96 to 98% and its intra-and interassay coefficients of variation (%) were 3·2 to 5·6 and 2·8 to 5·0 respectively. As summarised in Table 1 , there was a significant inverse correlation between mean circulating rT 3 levels and trout body growth (i.e. each of weight, log size and age). 
Optimal deiodinase assay conditions
Besides the noticeable difference in the optimal incubation temperature between trout and rat skin (15 and 36 C respectively; Fig. 3 ), the optimal assay conditions (highest enzyme activity) for both trout (t) and rat (r) tissues were similar; i.e. protein (0·4 mg/ml); preferential substrate (T 3 : 0·01 µmol/l); secondary substrate (T 4 : 0·8 (t) and 0·3 (r) µmol/l); cofactor (DTT: 100 (t) and 400 (r) mmol/l); incubation time (3 h), PTU resistance at 1 mmol/l and pH 7·0 (enzyme activity did not vary between 7·0 and 7·5, in both trout and rat).
ORD and IRD activity in rainbow trout skin
The use of descendent paper chromatography allowed the clear distinction of both IRD and ORD pathways in rainbow trout skin (Fig. 4) . When using its in vitro preferential substrate (Fig. 4a) and even when the enzyme saturated at relatively low substrate concentrations (0·3 µmol/l), T 3 -IRD was predominant, since significant amounts of T 2 were generated and the 125 I-ORD was negligible. Similar results were obtained in the presence of 1 mmol/l PTU (data not shown). Furthermore, the predominance of skin DIII activity was confirmed by using the secondary substrate. T 4 -ORD activity was four times lower than T 4 -IRD (Fig. 4b) , and there was an important generation of 3,3 -T 2 throughout the sequential activity of both pathways (T 4 -ORD, T 3 -IRD). Thus, having shown that IRD is the predominant enzymatic pathway in trout skin, and because of the limitations imposed by the descendent paper chromatography technique, the kinetic characterisation of trout skin IRD activity was assessed by using the secondary substrate and measuring the amount of generated product by using the rT 3 RIA method.
Kinetic constants
True Michaelis-Menten kinetics were determined using replots of intercepts of the 1/V enzymatic activity as a function of reciprocal T 4 and DTT concentrations (Fig. 5) . While the K m values for both substrate and cofactor (0·8 µmol/l and 100 mmol/l respectively) were not modified by temperature, when assessed at 15 C vs 20 C, V max values exhibited approximately a two-and fivefold increase (33 vs 20 pmol/mg per h and 33 vs 149 mmol/mg per h) respectively. This thermodependency of trout skin DIII is also evident in its substrate catalytic efficiency ratios (V max /K m : 41·2 at 15 C vs 25 at 22 C).
Skin IRD activity and circulating rT 3 in developing trout
As summarised in Table 1 , there was a significant negative correlation (r= 0·9) between skin DIII SA and each of the following parameters: age, weight and log of length. In contrast, there was a significant and positive correlation (r=0·8533) with circulating rT 3 levels. Furthermore, multiple regression analysis suggests that, throughout fish development, growth in length and weight, together with the circulating values of rT 3 , explain 99·5% of the DIII variability measured in rainbow trout skin. 
Discussion
This is the first study in which the kinetic characterisation of T 4 -IRD in trout skin is reported, and which presents unequivocal evidence for the presence of its circulating product, rT 3 . The use of homologous thyronine-stripped sera in the RIA standard curve allowed the precise and accurate quantification of rT 3 circulating levels in rainbow trout. The procedure was highly specific (Fig. 1) and its accuracy varied from 96 to 98%. The method here standardised fulfils the quality-control criteria required for this type of procedure (Stringer & Wynford-Thomas 1982 , Meinhold 1986 ).
Current information regarding rT 3 circulating concentrations in teleosts is scarce and contradictory. In adult trout and using a commercial RIA kit, Eales et al. (1983) found the same rT 3 concentrations reported in the present study, although at the time they invalidated their results because of methodological problems in the standardisation of their techniques. However and also using a commercial kit, rT 3 concentrations which correspond to the lower interval reported in the present study have been found in tilapia (Byamungu et al. 1990) . When compared with mammals, rainbow trout rT 3 concentrations are in the same range as in humans and bovines, but significantly lower than in ovines (Blum & Kunz 1981 , Ruíz et al. 1984 , Meinhold 1986 ). Thus, in contrast to current notions suggesting that rT 3 generation in trout solely occurs under acute conditions of T 3 excess (Sweeting & Eales 1992b ), the present study clearly demonstrates that rT 3 is present in individuals from 44 to 84 weeks of age. Furthermore, trout skin is an active site for T 3 -and T 4 -IRD. Using descendent paper chromatography and its preferential substrate, skin T 3 -IRD was predominant, whereas T 3 -ORD was negligible. Furthermore, the important amount of 3,3 -T 2 generated when using the secondary substrate strongly suggests that, even when present, the T 4 -ORD pathway is not predominant in trout skin. Further analysis of T 4 -ORD using the radioiodine release technique (Luna et al. 1995) revealed that it is PTU-resistant, thus suggesting that it corresponds to the type II enzyme (data not shown). However, catalysed by a DIII isotype which exhibits kinetic parameters in the same range as those described for this enzyme in rat skin; i.e. pH optima (Huang et al. 1985) , and properties similar to those reported for other vertebrate species (Huang et al. 1985 , St Germain et al. 1994 , Koopdonk-K et al. 1993 , Frith & Eales 1996 , the trout skin IRD pathway is clearly thermodependent. This characteristic shown by trout skin DIII activity is not surprising. A similar thermal stability and adaptive endurance have been amply documented for other enzymatic systems in teleosts, showing that thermodependency plays a major role in regulating the expression of enzymatic variants (alo-or isozymes), which endows the organism with greater adaptive flexibility, versatility and precision (Hotchachka & Somero 1984 , Somero 1995 . We have previously stressed the importance of the assay temperature when assessing deiodinase activity in ectotherms (Fenton et al. 1993) . Despite its physiological relevance for these species, thermodependence of thyronine deiodination has not been systematically analysed in fish. Because of the prevailing notion (Eales et al. 1983) , studies in fish have been focused on the analyses of ORD activity and, although documented, its thermodependence has generally been overlooked (Vijayan et al. 1988 , Byamungu et al. 1992 . Nevertheless, and in agreement with the present results, the effects of acclimation and assay temperature on trout liver microsomal T 4 -and T 3 -ORD and -IRD activities have been concentrations ranged from 0·2 to 1·0 mol/l in the presence of 25, 50, 75 and 100 mmol/l DTT. Each point represents the mean S.E. of two independent duplicate experiments using a pool of ten mature rainbow trout skin homogenates. Incubation tubes contained 0·4 mg/ml protein and were incubated for 3 h.
recently reported ( Johnston & Eales 1995) . Based on the fact that acclimation temperature did not modify T 4 -ORD apparent K m at any assay temperature, these authors state that there is no evidence for temperature-inducible T 4 -ORD isoenzymes. This interpretation disagrees with current and well-documented evidence for temperatureinduced enzymatic variants (i.e. isoenzymes or allozymes) in fish (Place & Powers 1979 , Hotchachka & Somero 1984 . Although the expression of enzymatic variants in the deiodinase family remains unsettled and deserves further studies, i.e. temperature-dependent changes in both enzyme activity and membrane lipid composition and fluidity (Hotchachka & Somero 1984) , recent data from our laboratory indirectly support the presence of variants within this enzymatic family in teleosts. Thus, in trout liver, total ORD exhibits a clear peak of activity in the range of 22-25 C (Orozco et al. 1997) . On the other hand, under similar assay conditions hepatic total ORD activity in killifish peaks at 30-37 C (A Orozco and C Valverde-R, unpublished observations).
As far as we know, this is the first study that has analysed circulating rT 3 during the juvenile and adult developmental stages of the rainbow trout. As summarised in Table 1 there was a significant inverse correlation between circulating levels of this inactive thyronine and trout body growth. This finding is consistent with studies from our (Orozco 1989 ) and other groups, showing that in juvenile and adult salmonid fish, the levels of active thyronines (Tagawa & Hirano 1987 , 1990 , Specker 1988 , Lundqvist et al. 1989 , De Jesus & Hirano 1992 , as well as their active deiodinative pathways (Orozco, manuscript in preparation) , increase as fish grow. These data, together with the presence of skin DIII activity during the 70 weeks encompassed by the present analyses, are congruent with studies reporting rT 3 in the serum of teleosts (Byamungu et al. 1990) , and contradict the notion that in these species the thyronine-inactivating deiodinative route only operates under specific circumstances (Sweeting & Eales 1992a ,b, Morin et al. 1993 . Furthermore, the significant negative correlation exhibited by skin DIII activity and trout growth is consonant with the well-known role played by thyroid hormones in the development and maturation of all vertebrates (Davis 1990) .
In summary, the present study demonstrates that (1) as in the rest of vertebrates, circulating rT 3 is present in juvenile and adult trout, thus indicating the operation of its corresponding deiodinative generating pathway, (2) trout skin is an important source of rT 3 as judged by its high and predominant DIII activity and (3) as with other enzymatic families in teleosts, trout skin DIII activity is thermodependent.
